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(1999 Formation of a synaptic junction between APCs and T cells that is stable enough to allow for the engagement of the T-cell receptor with its ligand -antigenic peptide bound to major histocompatibility complex (MHC) -on the APC is the first and critical step for T-cell activation. This process is facilitated by integrins, such as LFA-1, on T cells and the LFA-1-binding partner on APCs, ICAM-1.
A wealth of literature has shown that LFA-1 is critical for the sensitivity of T cells to MHC-peptide complexes, as well as for effector function and immunological memory [5] . However, the precise factors that govern LFA-1 activation at the immunological synapse are not well understood. This issue is particularly interesting to investigate since T cells undergo significant changes in their morphology and in the underlying cytoskeleton within a matter of seconds following initial encounter with APCs. This early T-cell spreading event poses hugely different mechanical impositions on the integrin molecule within a short time period. In single-molecule studies, it has previously been observed that, within a range of increasing pulling forces, LFA-1 stabilizes its ligand-bound state [6] . However, how LFA-1 copes with various mechanical strains at the synapse, and how it utilizes these strains to its signaling advantage in terms of downstream signaling events, remain open and important questions to address.
Comrie, Babich and Burkhardt [4] addressed these issues directly by examining the changes in conformation (and therefore activation) of LFA-1 with conformation-specific antibodies in T cells activated using regulated in vitro conditions that recapitulate synapse formation. T cells can be activated in vitro using a combination of APC-derived ligands: T-cell receptor agonists, such as MHC-peptide or antibodies against the immunoreceptor subunits of the T-cell receptor; and ICAM-1, which binds to LFA-1. Surfaces coated with ICAM-1 and agonist antibody or MHC-peptide are capable of instigating synapse formation and T-cell activation [2] , effectively acting as surrogate APCs that are more amenable to high-resolution optical microscopy. When exposed to these surfaces, T cells spread rapidly, forming a radial synaptic junction. Actin polymerization accompanies this process, and three concentric zones are established: the distal supramolecular activation cluster (dSMAC), the peripheral SMAC (pSMAC) and the central SMAC (cSMAC). Actin polymerization and actomyosin contractions then drive radial retrograde flow of F-actin from dSMAC to cSMAC, creating cytoskeletal flux (Figure 1 ). During these initial stages of synapse establishment, T-cell receptor and LFA-1 microclusters form and migrate radially towards the cSMAC, where actin polymerization, as well as T-cell receptor signaling, is extinguished. In mature synapses, a large fraction of T-cell receptor occupies the cSMAC zone, whereas LFA-1 migrates to and resides in the pSMAC [7] .
Activation of LFA-1 as it moves across the synaptic interface can be traced by probing for its distinct conformational states. LFA-1, a heterodimeric integrin, comprises a ligand-binding a subunit and a regulatory b subunit, which binds to force-sensitive cytosolic adaptors such as talin. In turn, talin can bind to actin filaments (F-actin), effectively creating LFA-1-actin coupling. Comrie et al. [4] tracked the three states of LFA-1, all of which are present concurrently at the newly formed T-cell synapse: the inactive 'bent' form, in which both subunits assume a closed conformation that does not bind to the ligand; the intermediate-affinity, 'extended' form; and the high-affinity, ligand-bound, 'open' form. They found that the affinity of LFA-1 for ICAM-1 increased as it traversed the synaptic interface from the dSMAC to the pSMAC, and further into the inner rings within the pSMAC. This process of so-called 'affinity maturation' relied on two interdependent factors: extracellular tensile stress on LFA-1 due to binding of the ICAM-1 ligand; and traction due to cortical centripetal flow of F-actin within the T cell (Figure 1) . Treatment of T cells with soluble (and hence freely mobile) ICAM-1, or with an actin-stabilizing drug cocktail that freezes actin flow [8] , resulted in loss of LFA-1 affinity maturation. The authors consistently found that LFA-1 activation was further increased when ICAM-1 was presented on a more rigid surface. These findings indicated that centripetal cytoskeletal flux and ligand mobility (and presumably traction and tensile stress) act together to govern LFA-1 activation as well as its accumulation in the pSMAC. The accumulation and affinity maturation in the pSMAC together change the two important effectors of ligand binding The integrin LFA-1 on the T-cell side of the immunological synapse is exposed simultaneously to centripetal cytoskeletal flux on the cytosolic side and to drag caused by the confinement of its ligand, ICAM-1, on the extracellular side. These forces lead to progressive changes in the affinity of LFA-1 for ICAM-1 as LFA-1 travels from the distal supramolecular activation cluster (dSMAC) to the central SMAC (cSMAC). At the other side of the synapse (top), on the surface of the antigen-presenting dendritic cell, ICAM-1 is confined by the actin cytoskeletal filaments. This immobilization mechanism utilizes phosphorylated forms of the cytosolic adaptors moesin and a-actinin, which can bind to ICAM-1 on one hand, and actin filaments on the other, restricting the diffusion of ICAM-1. Diffusive restriction of ICAM-1 on the dendritic cell surface would lead to mechanical strain on LFA-1, thereby potentiating its activation at the immunological synapse.
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Dispatches and response -avidity and affinity, respectively. The fact that the mobility of the LFA-1 ligand, ICAM-1, on an artificial antigen-presenting surface is critical for LFA-1 activation on T cells leads to the question of whether ICAM-1 mobility is regulated in physiological APCs. In other words, is the ICAM-1 mobility constrained on the APC side and, if so, do extracellular mechanical signals or cytosolic cytoskeletal interactions play a role in its confinement? To answer this question, Comrie et al. [3] examined the motility of ICAM-1 on the APC side of the synapse. Using fluorescence recovery after photobleaching (FRAP) technology in mature antigen-presenting dendritic cells, the authors found that ICAM-1 was indeed largely immobile at the cell surface [3] . Furthermore, ICAM-1 immobilization was acquired during dendritic cell maturation, along with increased expression and phosphorylation of the cytosolic actin-binding proteins moesin and a-actinin. Mutational analysis revealed that the binding of phosphorylated moesin or a-actinin to the cytosolic tail of ICAM-1 in combination with an intact actin cytoskeleton was required for ICAM-1 immobilization (Figure 1 ). This mechanism of immobilization appears to be receptor specific, since the T-cell receptor ligand, MHC class II, remained mobile during dendritic cell maturation. Perturbations that increased the mobility of ICAM-1 on the dendritic cell surface corresponded with a poor ability to form synapses and prime T cells, a process that is essential for prolonged activation and proliferation of T cells.
Together, the two studies from the Burkhardt group show that mechanical cues from dendritic cells, combined with cell-intrinsic mechanical properties, shape the activation profile of T cells. These studies unraveled a developmental program for immobilization of integrin ligands in dendritic cells and revealed the mechanical impact of this immobilization on integrin receptor activation on T cells, an important event during synapse formation. The actin cytoskeleton plays a key role in both of these processes by creating a static scaffold in dendritic cells and by providing a mobile cytosolic anchor in T cells.
These studies suggest the tempting possibility that the nature of the APC cytoskeleton, and hence ligand mobility, can trigger cell-context-specific responses in T cells. For example, interaction of T cells with an inflamed endothelium could in principle trigger a synaptic junction that is different from the one that T cells form with professional APCs in the tissue. These differences will have a bearing on the stability and quality of the synapse during the functionally diverse behavior of T cells, such as integrin activation during T-cell migration from the blood vessels into the tissue compared with integrin activation during antigen sampling. Along these lines, examination of the coupling of the synapse with the actin cytoskeleton across various T-cell and APC junctions would yield valuable information.
These new studies by Comrie et al. [3, 4] have characterized the mechanical interaction of LFA-1 and ICAM-1 with the actin cytoskeleton, using either a minimal ligand system or isolated APCs. Putting this knowledge in the context of the T cell-APC synapse, which is likely to be subject to forces of more complex magnitudes and directions, and examining how ICAM-1 immobilization and LFA-1 affinity maturation proceed in direct opposition will be critical for understanding how the forces are consolidated across the cellular junction at the synapse. This would be particularly interesting since the cytoskeletal dynamics at the T-cell synapse not only involve radially planar retrograde flow, but also consist of orthogonally pushing, rapidly polymerizing 'F-actin foci' [9] . Thus, at the cell-cell junction, elucidating how the cytoskeletal machineries interact to impose a net mechanical strain will provide a significantly larger picture of integrin-mediated synaptic stability and potentiation of T-cell activation.
Interestingly, both LFA-1 and the T-cell receptor are known to engage in force-sensitive behavior, such as the formation of catch bonds (receptor-ligand bonds that are strengthened by mechanical force). In addition to LFA-1 and the T-cell receptor, the T-cell surface is replete with other receptors that can bind to APC surface molecules in trans. Thus, there exists a larger question of how mechanical and signaling crosstalks between cell-surface 'mechanoreceptors' shape the biochemical outputs. It is indeed a challenging question, and the aforementioned studies provide a lead in understanding the common cellular parameters that modulate the mechanoreceptor both in cis and in trans. In the future, it will be interesting to see how these cellular properties, primarily those involving the cytoskeleton, are regulated by a combination of co-ligated receptors, leading to a combinatorial outcome in T-cell activation and response.
